The Sun's electron number density profile n e (r) is vital for solar physics but not well measured or understood within a few solar radii R S . Here, a new technique extracts n e (r) directly from coronal type III radio bursts for 40 f 180 MHz. Unexpectedly, wind-like regions with n e ∝ (r − R S ) −2 are quite common below 2R S , and coronal type IIIs often have closely linear 1/f − t spectra. The profile n e ∝ (r − R S ) −2 is consistent with the radio data and simulations and is interpreted in terms of conical flow from localized sources (e.g., UV funnels) close to the photosphere. It is consistent with solar wind acceleration occurring for 2 r/R S 10.
INTRODUCTION
Recent TRACE, Hinode, and STEREO spacecraft observations show the Sun's photosphere and corona to be strongly variable and spatially inhomogeneous. The corona's outflow into interplanetary space, the so-called solar wind, thus has major spatiotemporal variations in density, speed, temperature, and magnetic field. Indeed, the profile of the Sun's electron number density with radial distance r from the Sun's center, n e (r), is poorly understood and measured from the photosphere, where the medium is almost entirely neutral and cool (∼6000 K), to the fully ionized and hot plasma of the corona (10 6 -10 7 K) and solar wind (10 4 -10 6 K). Since plasma heating, ionization, and acceleration affect the density profile, this situation is not unexpected: the heating and origin of the solar corona and the acceleration of the solar wind are three of the central problems in space physics and astrophysics.
Recent models involve the corona and solar wind having multiple, very localized, sources called coronal funnels (Marsch & Tu 1997; Hackenberg et al. 2000; Tu et al. 2005) . The funnels are located near the Sun surface and have open magnetic field lines (i.e., field lines start at the solar surface and extend into the upper corona and solar wind). The funnel plasma expands rapidly with altitude to fill the spatial volume above regions of closed magnetic flux, where both ends of the field lines are rooted near the solar surface. Although not explicitly recognized before, these models suggest that a large fraction of the corona and upper photosphere might be wind-like regions with outflowing plasma.
Eclipse and coronagraph observations of path-integrated white light and UV radiation have led to several models for n e (r). For instance, Newkirk's hydrostatic equilibrium model (Newkirk 1961 ) is exponential, n N (r) ∝ exp(Ar −1 ), but ignores magnetic effects. Others appear essentially ad hoc, involving finite sums i ar −β i i of power-law terms with different, large, seemingly arbitrary, indices β i : the Baumbach-Allen (BA) model n BA (r) = a 6 r −6 + a 16 r −16 (Baumbach 1937; Allen 1947 ), the Saito model n S (r) = b 2 r −2.14 + b 6 r −6.13 (Saito et al. 1977) , and the radio-derived model of Leblanc et al. (1998) n L (r) = c 2 r −2 + c 4 r −4 + c 6 r −6 . The high index terms dominate at sufficiently small r, yet only the r −2 terms model obvious physics: conservation of electrons for a spherically symmetric, constant speed, outflow like the solar wind (Parker, 1958 Robinson & Cairns (1998) with n RC (r) ∝(r − R S ) −2.19 , while unique in having an offset R S , is based on fitting interplanetary radio data for r R S .
Coronal type II and III radio bursts have been interpreted for 50 years as radiation produced near the electron plasma frequency f p and near 2f p (Wild et al. 1963; Pick & Vilmer 2008) , as observed for their extensions into the solar wind (Kellogg 1980; Dulk et al. 1984; Reiner et al. 1998) . Type IIIs are driven by fast electron beams, with speeds ∼ c/3, that leave active regions and move into the solar wind along open magnetic field lines (here c is the speed of light). In contrast, type IIs are driven by shock waves (speeds ∼500-3000 km s −1 ) that move away from flare sites or in front of coronal mass ejections. Type IIs and IIIs take 1-5 minutes and 1-2 s, respectively, to move from frequencies ∼300-20 MHz and distances r ≈ 1.05 R S to 3 R S .
Since f p (r) = 9n 1/2 e Hz, for n e in SI units, great potential exists for coronal type II and III observations to constrain the profile n e (r). However, previous analyses focused on using the observed frequency drift rate df/dt and an assumed density model to constrain the (assumed constant) speed v s of the source (Kellogg 1980; Dulk et al. 1984; Reiner et al. 1998; Warmuth & Mann 2005) . In contrast, this Letter presents and demonstrates the power of a novel approach that can directly extract the effective power-law index of n e (r) from the timevarying frequency of coronal type III bursts, assuming only that v s = const (as justified below). The method, an extension of one by Lobzin et al. (2008) , is applied to type III bursts for the first time. Using rapidly sampled radio data, it is shown that isolated, long-duration type III events provide direct evidence that the local density profiles of the low corona (r < 3R S ) are often wind-like, with n e (r) ∝ (r − R 1 ) −2 , from very close to the photosphere (R 1 ≈ R S ). Such profiles lead to straight lines in 1/f − t dynamic spectra, a simple but powerful new analysis tool for metric and higher frequency solar emissions. This is totally unexpected on the basis of previous coronal density models, but is known for interplanetary (r 10R S ) type II and III bursts where β is definitely close to 2 (Kellogg, 1980; Reiner et al. 1998) . Previously, it was demonstrated that coronal type II bursts often form straight lines in 1/f − t spectra but it was impossible to discriminate between interpretations in terms of n e (r) and time-varying shock speed v s (Lobzin et al. 2008 ). Here, magnetic field curvature is shown to reduce the apparent index, with values below 2 often observed. The frequency variations for other type IIIs, however, imply significantly larger indices near 6, demonstrating that the corona is strongly inhomogeneous. Another contribution is the reconciliation of the new radio results with previous density models based on deconvolving path-integrated eclipse and coronagraph data. Specifically, it is shown that the radio-derived density profile has a very similar spatial variation to previous models (e.g., Baumbach 1937; Allen 1947 ) for 1.05 r/R S 3 but has a clear physical basis. Moreover, predictions from simulations by Li et al. (2008) for type III bursts with these density models all lie close to straight lines in 1/f − t dynamic spectra. Physically, then, the large power-law indices in these models correspond to the corona and solar wind starting very close to the photosphere. Furthermore, the radio-derived profile in n e is demonstrated to have a natural interpretation in terms of conservation of electrons for quasiradial flow from confined sources located near the photosphere, perhaps corresponding to funnels. This interpretation allows the source and acceleration regions in the corona and solar wind to be distinct. It also reconciles the enhanced densities often used to account for the high frequencies of type II and III coronal emissions, the relatively low solar wind densities observed at the Earth's orbit, the solar wind acceleration beyond ∼3R S , and the radio-derived coronal density profile.
ANALYSES AND RESULTS
The new technique is based on an emission source that starts from radial position r 0 at time t 0 and moves with constant radial speed v, whence r(t) = r 0 + v s (t − t 0 ). Then assuming n e (r) = C (r − R 1 ) −β instead of the previous ansatz n e (r) = Cr −β (Lobzin et al. 2008) , where C and R 1 are constants, the time-varying radiation frequency f(t) = k f p (r(t)) for k = 1 or 2 becomes
(1)
Thus, β, a, and b can be obtained directly by fitting f(t) to Equation (1). Crucially, β can be obtained without needing to measure r(t) or to know v s , r 0 , R 1 , k, or C. These are major advances over most previous work on coronal density models which required either v s or r(t) to be assumed and ignored R 1 . Note that if β = 2, then plots of 1/f versus t should be straight lines, as discussed in Section 1.
Reliable estimation of β with Equation (1) often requires over a factor of 2 range in frequency and 50 separate frequency-time measurements for each type III burst. Wide bandwidth, high time resolution (Δt < 0.2 s) data are needed. The PotsdamTremsdorf Radiospectrograph provides this in principle, having Δt = 0.1 s for 1024 frequency channels across the range 40-800 MHz.
Individual coronal type IIIs are often intermittent, nonuniform in intensity, and persist for less than a factor of 2 in frequency. Moreover, they often occur in groups, overlap one another, or have overlapping fundamental and harmonic signals. These characteristics make them difficult to analyze. However, Figure 1 (a) shows a well-defined, isolated, coronal type III burst with a large frequency extent and limited interference. Figure 1(b) shows f(t), where t is the time of maximum signal at a given f, and the best fit to Equation (1) obtained by minimizing the mean absolute deviation. Excellent agreement is apparent, with β = 2.0 ± 0.3. Strongly contraindicated are an exponential fit and a fit with β = 6 (see the lowest order term of the BA model (Baumbach 1937; Allen 1947) ), both constrained to pass through the endpoints of the best-fit line in the figure. For the events in Figure 2 and many other intervals, the small frequency range of the emissions, insufficient time resolution at high f, and confusion between fundamental and harmonic bands or with other events prevent accurate determination of β and so a reliable average value of β. However, deviations from straight lines in 1/f − t plots show unequivocally that many events have β < 2 and many have β > 2. In summary, Figures 1 and 2 and their analogues provide direct evidence for (1) wind-like values of β ≈ 2, (2) stronger and weaker density gradients, with β > 2 and < 2, respectively, and (3) strong spatiotemporal variations of the corona. Further work is required to find reliable average values of β.
Physically, non-radial curved magnetic field lines (and so paths for the type-III-producing electrons) will reduce the apparent value for β, because the beam takes longer to reach a given r for a given density profile and v s . Explicit calculations show this effect to be significant, with non-radial curvature plausibly reducing the apparent β (from analyzing Equation (1) the maximum change in β from this effect is about 2: it cannot reduce true values of β > 6 to apparent values β < 2 for reasonable magnetic field curvatures (radius of curvature > 0.5R S for all field lines) and sources in the low corona. Thus, the fitted values of β ≈ 2 must correspond to indices that are much lower than expected previously (e.g., β ≈ 6) and are most likely close to the true values. An alternative interpretation, that significant slowing of the electron beam occurs and reduces the apparent β, is shown next to be implausible. A recent simulation model for type III bursts predicts the dynamic spectrum at the Earth for a given density profile and electron injection event (Li et al. 2008) . It includes the quasilinear evolution of the electron beam and Langmuir waves, nonlinear radiation processes, and scattering between source and observer. The simulation data demonstrate a constant beam speed v s (Li et al. 2008) , consistent with the assumption for the technique (Equation (1)) and ruling out changes in the apparent β due to time-varying v s . Figure 3 shows the 1/f − t dynamic spectrum predicted by the simulation for the four-times-BA (4 × BA) density model. The peak flux F(f, t) (white solid curve) closely follows a straight line in 1/f − t space, with only a small curvature, despite the high power-law indices (β i = 6 and 16) for this density model. Black solid and dashed lines show the peak fluxes F(f, t) for the model
(2) and the Newkirk model, respectively, normalized to have the same density in the acceleration region. It is clear that all three models have closely linear 1/f − t dynamic spectra, despite their very different power-law indices, an unexpected result. Figure 4 shows the density profiles and f p (r) for Equation (2) and the 4 × BA, Newkirk, and r −2 models. Equation (2) is very close to the 4 × BA model over almost the entire range of r displayed and also yields a much steeper profile at r < 1.15R S that mimics the gravitationally stratified atmosphere expected near the photosphere. Moreover, the Newkirk model has a very similar trend to Equation (2) and the 4 × BA model for 40-300 MHz. Thus, for these three models only the normalization for n e (r) is substantially different. In contrast, the r −2 density profile has far too shallow a slope.
A simple interpretation of Figures 1-4 is that the new radio data and old density models are all qualitatively consistent with Equation (2). That is, the high power-law indices and seemingly arbitrary terms of previous models are artifacts of placing the density source effectively at the center of the Sun instead of near the photosphere. The quantitative scaling of these models to one another and to the solar wind density near 1 AU arguably contains information on where the solar wind is released, accelerated, and heated.
Consider local spherical expansion of plasma outward into a narrow cone closely aligned with the radial direction. If the cone L268 CAIRNS ET AL.
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starts at r = s, then conservation of electron number implies
a generalization of Parker's (1958) Equation (19) . Here, v fl (r) is the flow speed at location r, a is a reference point,Ṁ is the mass loss rate, and m i and m e are the ion and electron mass, respectively. The final form of Equation (3) assumes that n e equals the ion number density and m e is negligible. Thus, this simple model recovers the form of Equation (2), provided only that s ≈ R S and v fl (r) varies slowly locally. The very similar slopes and magnitudes in Figure 4 of the observational models (Newkirk 1961; Baumbach 1937; Allen 1947) and Equations (1)-(3) provide evidence that s ≈ (1.0-1.5) R S and v fl (r) is approximately constant for r < 2R S . In principle, Equations (2) and (3) could be fitted to the models, but this is deferred to future work.
The simple conical source model has an immediate interpretation in terms of flow from the top of plasma funnels close to the photosphere, with the global solar wind corresponding to superposition of flows from multiple localized sources (e.g., funnels). Moreover, for r s the standard wind result n(r) ∝ r −2 is recovered since v fl (r) is constant there. Thus, the new radio results and associated density profiles are understandable in terms of flow from localized sources near the photosphere that merge together to form the solar wind on larger scales.
DISCUSSION AND CONCLUSIONS
Quantitative differences between the inferred coronal and measured interplanetary densities can be interpreted in terms of changes in v fl (r) and of the solar wind forming and accelerating in different regions. Specifically, Figure 4 has n e (1.5R S ) ≈ 7 × 10 13 m −3 for the 4 × BA model, whereas normalizing Equation (2) to 7 × 10 6 m −3 at r = 1 AU yields n e (1.5R S ) = 1.3 × 10 12 m −3 for s = 1R S , a factor ∼50 smaller. This factor can be understood from Equation (3) by allowing v fl (r) to increase from, say, 10 km s −1 in the region r = (1-2) R S relevant to coronal bursts (30-300 MHz) to ∼400 km s −1 by r ≈ 7R S . In this way, Equation (2) would hold for r ≈ (1-2) R S , both in terms of the magnitude and temporal variations of the observed radio frequencies, the solar wind could be accelerated primarily outside this region, and the standard solar wind properties (e.g., r −2 density falloff, fast flow, and densities ≈10 6 -10 7 m −3 at 1 AU) are recovered for r 10R S . In contrast, the acceleration region (say 2R S < r < 10R S ) would have a faster density falloff than (r − R S ) −2 , due to the v fl (r) factor in Equation (3). Future application of Equations (1)-(3) to radio bursts for R S < r < 10R S should thus yield v fl (r) and constrain the solar wind's acceleration.
The new coronal type III results also confirm recent findings (Lobzin et al. 2008) for coronal type II bursts and constrain their interpretation. Crucially, since type IIIs are driven by electron beams, not shocks, finding similar power-law indices ∼2 for both type II and III coronal bursts argues against interpreting the type II results in terms of outward acceleration of the shock wave down the density gradient. This leaves the direct interpretation in terms of the density profile to simultaneously explain the type II and III data. Moreover, the finding that many coronal type IIs imply indices ∼2 for the macroscopic shock, although some imply larger values, suggests that the macroscopic profile for r < 2R S has β ≈ 2 but that some type III electrons actually follow paths with either faster or slower density variations.
In conclusion, a new powerful method is presented and applied for directly extracting the density profile n e (r) of the lower solar atmosphere, rather than the radial speed of the source, from the time-varying frequencies of type III solar radio bursts. Unexpected results for frequencies 40-180 MHz and the deep corona (r ≈ 1.05-2R S ) are that wind-like regions with n e ∝ (r − R S ) −2 occur quite often below ∼ 2R S and that type IIIs often have closely linear tracks in 1/f − t dynamic spectra. Regions also exist with indices lower or higher than 2, the former plausibly due to non-radial magnetic field lines. The profile n e ∝ (r − R S ) −2 is consistent with the radio data, simulations of radio bursts, and previous density models. A simple physical interpretation involves conical flow from a localized source, plausibly corresponding to funnels observed near the photosphere, with merging of flows from multiple sources on larger scales: conservation of electrons leads to the index 2 in regions with constant flow speed and the offset R S is due to the plasma source being near the photosphere. Combining the radio results for r < 2R S with previous results for r > 10R S and with quantitative differences between inferred coronal densities and those measured near 1 AU implies that solar wind acceleration occurs at 2 < r/R S < 10. Similar techniques should be applied to solar radio bursts above 300 MHz (r < 1.05R S ) and below 30 MHz (r > 2R S ) so as to constrain the density and flow speed profiles there. Comparisons between UV funnels, X-ray and flare data, and type III events with existing and future instruments thus offer significant scope for constraining the Sun's density profile, funnel physics, and the origins of the corona and solar wind.
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